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High-mobility, low-power, and fast-switching organic field-effect transistors with ionic liquids We report high-mobility rubrene single-crystal field-effect transistors with ionic-liquid ͑IL͒ electrolytes used for gate dielectric layers. As the result of fast ionic diffusion to form electric double layers, their capacitances remain more than 1 F / cm 2 even at 0.1 MHz. With high carrier mobility of 1.2 cm 2 / V s in the rubrene crystal, pronounced current amplification is achieved at the gate voltage of only 0.2 V, which is two orders of magnitude smaller than that necessary for organic thin-film transistors with dielectric gate insulators. The results demonstrate that the IL/organic semiconductor interfaces are suited to realize low-power and fast-switching field-effect transistors without sacrificing carrier mobility in forming the solid/liquid interfaces. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2898203͔
Field-effect transistors ͑FETs͒ based on organic semiconductors have been extensively investigated for the recent decade, in which realizing high-mobility, low-power, and fast-switching devices has been a central subject to take the best advantage of their simple and low-cost production processes. 1 For this purpose, the material combination in the layered structure of organic FETs is being intensively studied because the interfacial phenomena are crucial in determining their device performances. While most of the studies for device applications are based on thin-film organic polycrystalline semiconductors, organic single-crystal FETs are advantageous to study because of its intrinsic material potentials and the interfacial properties both at the semiconductorelectrode and the semiconductor-insulator boundaries in the absence of the grain boundaries. [2] [3] [4] Recently marked progresses in the studies of the single-crystal transistors have been achievements of mobility exceeding 20 cm 2 / V s ͑Refs. 5-8͒ which is already much higher than that of amorphous silicon transistors, and detection of the normal Hall effect, evidencing the bandlike transport mechanism. 9, 10 Most common gate dielectrics used for the organic FETs are typically 100-500 nm thick SiO 2 or polymer layers, whose capacitances are in the range of 5 -30 nF/ cm 2 . With such relatively low capacitance, the maximum carrier density is limited in the order of 10 13 cm −1 even at the gate voltage V G of 100 V, which is already close to dielectric breakdown. 11 As one of the alternative methods to accumulate carriers more efficiently, there have been significant interest in making use of electrolytes. When V G is applied to the electrolytes, electric double layers ͑EDLs͒ are formed after the ionic redistribution, so that V G is sustained only at typically 1 nm thick EDLs. As the result, capacitance of the EDLs exceeds ϳ10 F / cm 2 , meaning that orders of magnitude higher density carriers are accumulated at the surface of the semiconductors at the same V G as compared to those in the SiO 2 organic FETs. Recently, it has been demonstrated by several groups that the devices with polymer electrolytes are indeed successful for the high density carrier accumulation. [12] [13] [14] [15] [16] [17] [18] [19] A drawback of the polymer electrolytes, however, is their slow ionic diffusion before the EDL formation, which is actually fatal to the switching speed of the transistors. Moreover, many devices with the polymer electrolytes suffer from serious deterioration in carrier mobility due to possible damages at the interface to the organic semiconductors, which reduces the merit of the EDL-FETs.
In this letter, we introduce ionic liquids ͑ILs͒, also known as room-temperature molten salts, for the electrolyte in the rubrene single-crystal EDL-FETs. Without any solvent, ILs show distinctive properties of high thermal stability and no volatility, therefore attracting interests in the material properties themselves. 20 The advantage of the ILs electrolyte in the OFETs is its high-speed formation of the EDLs; the rapid ionic diffusion of the ions typically in ϳ1 s is translated into 1-MHz-switching OFETs. We also show that it is possible to keep the surface of the rubrene crystal relatively in a good condition by choosing a proper compound for the ILs, so that mobility of 1.2 cm 2 / V s is realized. As the result, sufficiently large on current is achieved even with the gate voltage less than 0.5 V, with the benefit of the large capacitance of the EDLs.
The ILs which we use in this experiment are 1-ethyl3methylimidazolium bis͑fluorosulfonyl͒imide ͑EMIFSI͒ and 1-ethyl-3methylimidazolium bis͑trifluoromethanesulfo-nyl͒imide ͑EMITFSI͒; the structure of these materials are shown in Fig. 1͑a͒ . These ILs in the imidazolium family have been known to have rather high ion conductivity at room temperature ͓͑ϳ2-3͒ ϫ 10 −2 S / cm͔ and widely used in the studies for potential application in a variety of solid state electrochemical devices, such as fuel cells, 21 and lithium batteries. 22, 23 We have placed a droplet of IL electrolyte under a gold wire for a gate electrode on top of a rubrene single crystal to form the Au/IL electrolyte/rubrene single crystal/SiO 2 /doped Si dual-gate structure shown in Fig. 2 , replacing polymer gel electrolyte with the IL based on our earlier study. 15 The The EDL capacitances C EDL of the two ILs are measured using a test structure consisting of a 50 m thick IL layer sandwiched by Au films. Solartron 1260 and 1296 impedance analyzers are used to obtain the frequency profiles over the range of 0.1 Hz-1 MHz with the application of ac voltage amplitude of 10 mV. As shown in Fig. 1͑b͒ , the values of the capacitance increase with decreasing frequency to reach 11 and 5.4 F / cm 2 at 0.1 Hz for EMITFSI and EMIFSI, respectively. If we assume the thickness of the EDLs to be typical length scales of the ionic molecules, the dielectric constant ⑀ el would be ϳ13 and 6.3 for EMITFSI and EMIFSI, respectively. The values are close to those reported for polymer electrolytes. [15] [16] [17] Though the reason of the frequency dependence in the range of 0.1-10 Hz has not been elucidated yet, it is suspected that the rotational rearrangement of the ionic molecules is responsible for the observation of the slow relaxation. As a consequence of such high values of the EDL of EMITFSI, application of the gate voltage of 0.5 V leads to the carrier density as high as ϳ1.0 ϫ 10 13 / cm 2 , which is comparable to the maximum carrier density that the usual SiO 2 devices can reach. It is to be emphasized that the EDL capacitance of the ILs remain large even at 1 MHz; the value is only one order of magnitude lower than that at 0.1 Hz for the both compounds, demonstrating the fast ionic diffusion in response to the voltage application. Therefore, the EDL OFETs incorporating the ILs allow switching operation at such a high frequency, which none of the previously reported devices with polymer electrolytes do.
Figures 2͑a͒ and 2͑b͒ show transfer characteristics of the device with EMIFSI and EMITFSI, respectively. Simultaneously measured gate leakage current through the electrolytes is negligibly small as compared to the drain current I D , that is less than 0.1 nA as long as ͉V G ͉ is less than 0.2 V. A sweeping rate of 0.01 V / s results in relatively small hysteresis for EMITFSI while a noticeable hysteresis is observed for EMIFSI between forward and reverse sweeps. Since the ac impedance in Fig. 1͑b͒ does not show additional relaxation for EMIFSI as compared to that for EMITFSI, the different dynamic response comes from interfacial characters at the EMIFSI/rubrene crystal boundaries such as of holetrapping levels possibly due to impurities in the IL or inclusion of water from atmosphere. Figure 3 shows output characteristics of the rubrene crystal FETs with the two IL electrolytes. It is again notice- 
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able that rather large current in the order of microampere is generated with the application of less than 1 V for both V G and V D , demonstrating the very low-power operation of the organic transistors due to the high density carrier accumulation at the IL/rubrene liquid-to-solid interfaces. With increasing drain voltage V D , a good saturating behavior is observed for the EMITFSI devices, while the saturation is not obvious for the EMIFSI devices. Such nonsaturative characteristics are often observed for high-mobility OFETs based on rubrene single crystals and pentacene thin films, 7, 24 indicating that typical narrow pinch-off regions are not defined in the semiconductor channel of these devices. Since the reasons have not been argued well, it is to be elucidated by further experimental studies with devices of various channel lengths.
The hole mobility is estimated from the transfer characteristics by employing the standard formula in the Ohmic Fig.  2 shows the actual fit to the data to estimate . The obtained is in the range of 0.15-0.41 cm 2 / V s for the EMITFSI devices and 0.58-1.2 cm 2 / V s for the EMIFSI devices, as a statics of several similarly prepared samples. Though the values are already higher than those ever reported for EDLgated FETs, we note that the mobilities can still be underestimated because of the inclusion of high-resistance "vertical" current paths between the gate and source ͑drain͒ electrodes. Mobility of the SiO 2 devices is estimated to be in the range of 0.6-1.5 cm 2 / V s as the result of the same measurements of the transfer characteristics for the same conduction channel in the rubrene single crystals on the other side. Since the mobility values for the EDL transistors are comparable to those for the SiO 2 devices, the ILs provide efficient coupling to the organic single crystals without sacrificing carrier mobility at the solid/liquid interface between organic semiconductors and the ILs.
As for the difference in of the two ILs, it can be argued that the surface charge is dressed with differently polarizable gate dielectrics. Although the effect of the liquid electrolytes should be different from that of solid gate insulators, the present results qualitatively follow the tendency that increases with gate insulators of smaller ⑀ as reported for carriers on common dielectric insulators. 25, 26 On the other hand, Shimotani et al. explain that the scattering events of the carriers by the ion are relevant in the electrolyte. 17 Including our present results on the IL/rubrene semiconductor interfaces, it is to be further investigated to elucidate microscopic mechanisms of the charge transport in the vicinity of the solid/liquid interfaces.
In conclusion, it is demonstrated that the use of IL electrolytes in organic single-crystal FETs enable high-density carrier doping with minimum gate voltages without sacrificing the carrier mobility. Therefore, the IL gating can be a promising technology to realize high-mobility, fastswitching, and low-power organic transistors. Owing to varieties of ILs that have been synthesized so far, higher performances are likely to emerge by elaborate search for compounds incorporated in organic FETs. Due to the capability of the high density carrier doping, the present technique is also useful in more basic material sciences such as carrier-density driven phase transition in strongly correlated electron systems.
